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ABSTRACT
Cut-to-length (CTL) harvesting systems involving small
and large harvesters and a forwarder were simulated us-
ing a modular computer simulation model.  The two har-
vesters simulated were a modified John Deere 988 tracked
excavator with a single grip sawhead and a Timbco T425
based excavator with a single grip sawhead.  The for-
warder used in the simulations was a Valmet 524 machine
with 2.4-meter log bunks.  Production rates and costs were
examined for a wide range of even-age oak forest stand
conditions.  The simulation results suggest that when the
tree’s DBH is less than 26 cm, harvesting using the Timbco
T425 is about 30% more expensive than using the John
Deere 988.  However, if the tree is larger than 26 cm of
DBH, the unit cost of the Timbco T425 was about 8% less
than that of the John Deere 988.  The balanced John Deere
988 CTL system was 31% more productive and 8% more
expensive than the balanced Timbco T425 CTL system in
the 20 to 36 cm DBH range.  General regression equations
were developed for estimating the productivity and cost
for the range of conditions simulated.  The results should
be valuable to managers, planners, and loggers consider-
ing the use of CTL systems in this region.
Keywords: Cut-to-length, production analysis, compu-
ter simulation, system modeling, timber har-
vesting, Appalachian hardwoods.
INTRODUCTION
A fully mechanized cut-to-length (CTL) harvesting sys-
tem consists of a harvester that performs cutting,
delimbing, bucking, and piling and a forwarder that trans-
ports the logs to the landing.  Compared to conventional
ground-based harvesting systems, cut-to-length systems
are more environmentally friendly and less labor inten-
sive.  The CTL can also significantly reduce the soil dis-
turbance, compaction, and erosion by leaving the wood
residues on the travel path, which acts as a cushion for
machine travel [24].  In addition, the number of trips of the
forwarder across the site also decreased because of its
higher payload [28].  The CTL system also results in less
residual stand damage by transporting the logs instead of
dragging the whole tree and is less sensitive to inclement
weather [13, 15].
CTL systems have been used for years in Scandinavian
countries.  Almost 100% of today’s logging in Sweden
and Finland is carried out by CTL systems [6].  Several
studies were conducted in these and other countries in-
cluding productivity and cost analysis [22], assessing
harvester in the wood supply chain [3], and the utility and
productivity of a new integrated or combined harvester-
forwarder [23, 31].  In North America, CTL systems are
used about 20 to 30% of the time [4].  CTL applications are
used even less in the southeastern USA with not more
than 1% reported [7].  A survey by Milauskas and Wang
[19] found that CTL has not been used in West Virginia.
Due to its higher initial cost, the production and unit
cost of CTL systems have always been a concern when
selecting harvesting systems for logging jobs.  Tufts and
Brinker [25] and Tufts [26] reported harvesting southern
pine plantations using CTL systems and provided de-
tailed information about elemental time functions of indi-
vidual harvesters and forwarders.  Lanford and Stokes
[13, 14] compared a CTL system with a feller-buncher and
grapple skidder system in terms of the residual tree dam-
age, soil disturbance and compaction, and harvesting pro-
ductivity and costs in southern pine plantations.  They
concluded that at almost the same cost as the skidder
system, the CTL system performed better from a
silvicultural and environmental standpoint.
McNeel and Rutherford [18] studied the performance of
CTL in a selection cut of Pacific Northwestern species.
They modeled the elemental times of a harvester and for-
warder and their results suggested that system produc-
tivity is balanced when operating in stands averaging 15
to 25 cm DBH.  Hartsough and Cooper [8] tested a CTL
and chipper system in a clearcut of 7-year-old Eucalyptus
and found that a balanced system including three har-
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vesters, two forwarders, and one chipper might be cost
competitive with whole-tree systems.  The performance of
CTL systems was also investigated in eastern hardwoods
[10, 11, 12, 15, 16] where time studies were conducted to
compare the system’s production and cost and to con-
duct a profitability assessment.
Due to the availability of CTL systems and the great vari-
ation of the working conditions, computer simulation has
been used to simulate and analyze production and cost [5,
27, 29].  Wang et al. [27] modeled the CTL system and
compared it to chainsaw/grapple skidder and feller-
buncher/grapple skidder systems.  They found that the
CTL productivity was lower than that of feller-buncher/
grapple skidder system but was higher than the produc-
tivity of chainsaw/grapple skidder.  However, the CTL
system resulted in the lowest traffic intensity across the
site when compared to the other two systems.  A har-
vester-forwarder system was evaluated by using discrete-
event simulation [1].  The input was the statistical distri-
bution derived from field-study data.  Average extraction
distance and unloading time were used for sensitivity
analysis.  A linear regression equation of production of
the system was developed from the simulation results.
Hartsough et al. [9] modeled and simulated the costs of
CTL and five other systems for harvesting small trees in
natural stands in the interior Northwest and found that
computer simulation is an efficient way to explore logging
cost analysis under different stand and machine combina-
tions.
Most of the previous studies reported are either for
specific regions or for specific stand conditions.  Produc-
tion and cost information of CTL systems is not available
for Appalachian even-aged oak hardwood forests.  Ac-
cordingly, in order to examine the potential applications of
CTL systems and compare them with other commonly used
harvesting systems in the region, we modeled two CTL
harvesters and simulated their production and cost.  The
objectives of this study were specifically to (1) model two
CTL systems with small and large harvesters, respectively,
(2) generate five central Appalachian even-aged oak hard-
wood stands of different ages and stand densities, (3)
perform felling and forwarding simulations on these stands
for clearcut, diameter limit, and shelterwood treatments,
and (4) statistically analyze the production, cost, and traf-
fic intensity of these two CTL systems and develop gen-
eral regression models for estimating productivity and cost.
CTL SYSTEM MODELING
Functions and Elemental Times
Six functions were modeled for each harvester: move,
boom extend/retreat, cut, swing boom, processing and
dumping.  More than one tree within the boom reach could
be cut and processed at one machine stop.  The felled tree
was processed into logs that were piled on either side of
the harvester trail for later forwarding. The harvester usu-
ally operates in straight trails and the trail width is usually
set to 5 meters. All trees on the trail must be removed for
the machine movement and trees on either side of the trail
could be cut based on the silvicultural prescription for the
stand.
The cycle time of harvester can be expressed as:
(1)
Where
CThv = harvester cycle time (minutes);
ti = time of machine travel from (i-1)
th stop to ith stop
(minutes);
n = total number of trees harvested at a stop by the
harvester;
TDi = distance traveled by the harvester from (i-1)
th stop
to ith stop (m);
vi = moving speed of harvester (m/min.);
tbj = time of linear boom extending between two con-
secutive felled trees (minutes);
dbj = relative linear distance changed of boom reach
between two consecutive felled trees;
vbj = speed of boom extending or retreating for j
th tree
(m/min.);
tsj = time of boom swing between two consecutive
felled trees (minutes);
asj = angular changes of boom between two consecu-
tive felled trees (degrees);
 wsj = velocity of boom swing (degrees/min.);
tfj = felling time of j
th tree at ith stop;
tpj = processing time of j
th tree at ith stop;
Boom movement time tbj and tsj are functions of the lin-
ear distance of the boom extended and the angular dis-
tance of the boom swing and their corresponding veloci-
ties, respectively.  Felling and processing elemental times
were denoted as functions of DBH and the number of logs
being processed from the tree-length [10, 11, 12, 17, 25].
Move to load, load, travel during loading, travel loaded,
and unload were modeled for the forwarder.  Cycle time for
the forwarder is calculated as follows:
(2)
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Where
CTfw = cycle time of forwarder (minutes);
tm = time of machine travel empty (minutes);
dm = distance of machine travel empty (m);
vm = speed of machine travel empty (m/min.);
k = total number of log piles loaded;
tli = time of loading a log pile;
tuli = time to unload a grapple of logs from the for-
warder;
n = the number of unloading log cycles from the for-
warder;
ttl = time of machine travel loaded (minutes);
dtl = distance of machine travel loaded per turn;
vtl = speed of machine travel loaded;
tdl = time among loading locations;
ddl = the sum of distances among loading locations;
vdl = speed of machine traveled during loading.
Loading and unloading times for a forwarder were for-
mulated as functions of log size, product type, the number
of logs being processed from a tree, and the number of
grapple loads required to unload the forwarder [10, 11, 12,
17, 25].
Machine and Boom Movements
The harvester always tries to find the nearest tree to be
cut.  An “obstacle tree checking” procedure is performed
before the machine physically starts to cut each tree so as
to avoid residual tree damage.  Trees are assumed to be
circles with diameter equal to individual DBH.  Each stand-
ing tree is also presumed as a potential obstacle to the tree
to be cut and its position is checked (Figure 1 (a)).  If the
maximum boom reach is Lboom, and the boom reach ratio
(the rate of the effect boom reach over the maximum boom
reach) is rboom, then the effective boom reach (Le) could be
expressed as Le = Lboom * rboom.
Let A (X1, Y1) be the current position of the machine, B
(X2, Y2) be the coordinate of the nearest tree selected to be
cut, and M (X3, Y3) be the coordinate of the tree being
checked as an obstacle.  The effective cutting area could
be expressed as a circle centered at point A with radius
equal to the effective boom reach Le. If any portion of the
tree being checked crosses line AB (line AB is tangent to
or intersects the circle) or the distance from the tree to the
boom-moving route is less than 0.5 m (minimum allow-
ance), then this tree will be considered as an obstacle tree.
In Figure 1, d in meters represents the perpendicular dis-
tance from point M to line AB; r is half the DBH of the tree
examined in centimeters; and R in meters stands for the
perpendicular distance from the center of the tree to boom.
The linear function of line segment AB can be expressed
as:
(3)
The distance (d) from the center of the tree at (X3, Y3)
to line AB can be expressed as:
(4)
(a) (b)
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Figure 1. Diagrams of algorithms used for checking obstacle trees.
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If d < 0.01r + 0.5, then there is some portion of a tree
across line AB or the tree is within the protection distance,
this tree is an obstacle. Therefore, the machine has to
move to point G (X5,Y5) to cut the tree being checked.  To
avoid tree damage, the following condition has to be met:
R ≥ 0.5 + 0.01r.  If assuming the machine moves on the
straight line, X5 = X1 will be true. Then the next machine
position G (X5, Y5) can be derived. Line BG in Figure 1(a)
can be expressed as:
(5)
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From equation (6), we can have,
(8)
Substitute b in equation (7) with equation (8) and square
both sides of equation (7), then the following equation
could be derived.
(9)
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sides of equation (9), then equation (9) could be rewritten
as:
(10)
Solve this quadratic equation (10) for a, we can have,
(11)
Two solutions could be obtained from equation (11).
However, the smaller absolute solution should be used in
order to make the harvester move as short a distance as
possible.  The next machine position could be computed
as:
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In order to avoid residual tree damage, the machine move
distance should be 15 YYAGdi −== . If there are
n obstacle trees checked at the current machine location,
then the machine should move to next stop, dmove = min
{d1} (Figure 2).
If the boom is already extended (Figure 1 (b)), the ma-
chine is at point A (X1, Y1), the boom is as point B (X2, Y2),
and the next tree selected to be cut is at point C (X3,Y3).
Before swinging the boom directly from B to A, we have to
check for any trees between line AB and line AC [5]. Math-
ematically, the following conditions have to be met to avoid
the residual tree:
(13)
Where, ABS , ACS , AMS  is the slope of line AB , AC ,
and AM , respectively;
d AM     , ABd  is the distance from point A to point M and
point B, respectively,
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If the above two conditions are met, the tree being
checked is an obstacle. To cut the tree at C from B, the
boom has to retrieve from B to M first, and then extend
from M to C if no other trees exist between line AM and
line AC. Otherwise, the boom needs to be retreat from M
and then swings to C (Figure 2).
The forwarder moves along the harvester trail, grips the
logs from each pile and places them in the bunk at the
back of the machine.  When the payload is reached, the
forwarder will go back to the landing and unload the logs
(Figure 2).
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Field data from detailed time and motion studies by
Huyler and LeDoux [10,11,12] and Long [17] for the John
Deere 988 and the Timbco T425 harvesters and the Valmet
524 forwarder were used as input to the simulator.  The
field studies were conducted over a wide range of operat-
ing conditions in hardwood and mixed hardwood/pine
stands.  The range of tree sizes as well as operating condi-
tions were very similar to the conditions simulated.  The
field conditions closely reflect the conditions of the com-
puter-generated scenarios used for the simulations.  Since
the field and simulated conditions were similar, the results
from this study provide information applicable to current
practice.
SIMULATION APPLICATION
Material and Methods
Felling was performed on five even-aged oak hardwood
stands that were generated with a 3D stand generator
(Table 1) [30].  The input data to the stand generator came
from Schnur [21].  Major species included northern red
oak (Quercus rubra), red maple (Acer rubrum), sugar ma-
ple (Acer saccharum), yellow poplar (Liriodendron
tulipifera), black cherry (Prunus serotina).  Stand age
was between 30 and 70 years while its density varied from
1328 to 488 trees/ha.  The number of trees per hectare by
species was computed by multiplying stand density and
species composition percent in the stand.  While randomly
generating a tree, its species is randomly assigned along
with tree size and location.  The plot size is 0.4 ha, which
was replicated 36 times and gave a total of 14.4 ha of each
stand for the forwarding simulations.   Each replication
involved the generation of a new stand with different tree
locations thus adding stochasticity to the simulations.
Two cut-to-length systems were simulated.  CTL sys-
tem 1 is composed of a modified John Deere 988 tracked
excavator with a model RP 1600 single grip sawhead (small
yes
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yes
yes
no
Search
trees?
Boom
movement?
yes
no
Obstacle
tree?
no
noLoading
capacity?
Next turn? yes
no
yes
Landing, pattern, rated capacity
Loading
To landing and unload
Record traffic intensity
Database Save data
Next tree?
Machine
movement?
Felling
Save data
Locate harvester
Harvest, stand
To Analysis module
From stand generation module
Figure 2. Flowchart of cut-to-length simulation system.
16 ♦  International Journal of Forest Engineering
machine) and a Valmet 524 forwarder with 2.4-meter log
bunks.  CTL harvesting system 2 has an excavator based
Timbco T425 with an ultimate 5600 single grip sawhead
(large machine) and the same forwarder as used in System
1.  The maximum cutting diameter for the above two har-
vesters is 36 cm and 56 cm, while delimbing diameter ranges
from 1.3 to 23 cm and 5 to 25 cm, respectively.
The harvesting simulator was implemented under Win-
dows platforms.  The graphical user interface makes it
easier for the user to perform the harvesting simulations.
Numerical models with predefined paths of machines or
forwarding patterns reduce the simulation time and allow
the user to examine a variety of stand conditions, harvest-
ing prescriptions, and system configurations.  The
modeling/simulation procedures introduced in this paper
may help us to evaluate alternative stands, travel routes,
traffic intensities, and machine configurations.  Without
these models/simulations such comparisons would sim-
ply not be possible.
The productivity of each machine simulated was point
validated against published results by Huyler and LeDoux
[10, 11, 12].  The field study conditions were used as input
to the simulator and then the simulated productivity by
machine was compared to the observed results in the field
(Table 2).   Hourly productivity differences never exceeded
15%, suggesting that the simulation model could be used
to accurately simulate the productivity of the machines.
The 15% difference for the forwarder validation test is
likely explained because the simulator loads wood (weight)
until the maximum payload is reached without regard to
the way logs might lay in the bunks.  In the field, logs with
crook and sweep will take up more bunk space reducing
the actual payload.
A three-factor, full factorial design (3x2x3) was imple-
mented for the simulation experiment (Table 3).  The three
factors include stands of three different ages, harvesting
systems (2 systems), and harvest (3 methods).  There are
a total of 18 treatment combinations.  Each combination
Stand Age Stand Avg. DBH Avg. Total Basal Area Volume
No. (years) density (cm) height (m) per hectare per hectare
(trees/ha) (m2/ha) (m3/ha)
1 30 1328 13.2 15.3 27.1 73.2
2 40 940 16.8 16.9 31.8 131.2
3 50 725 21.1 17.2 42.4 235.1
4 60 590 29.0 20.5 55.4 304.5
5 70 488 31.0 21.8 55.9 319.0
Table 1. Summary of attributes for the hardwood stands generated.
Field study Stand and harvest conditions Field test Simulation Difference
(m3/PMH) (m3/PMH) (%)
John Deere 988 – Second-growth mixed 8.3 8.0 -4
small harvester [11] hardwoods
Selective cut
Timbco T425 – large Second-growth mixed 14.8 13.1 -11
harvester [12] hardwoods
Selective cut
Valmet 524 – Second-growth mixed 15.7 18.0 +15
forwarder [10] hardwoods
Selective cut
Table 2. Validation test comparisons of point estimates of average hourly production between field and simulation
results.
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The generic GLM model for analyzing forwarding can
be stated as follows:
(15)
Where FWTijklmn represents the n
th observation of the
forwarding elemental times, cycle time, or hourly produc-
tion; m is the overall mean of the response variable; SDi is
the effect of ith stand; HVj is the effect of j
th harvester; HMk
is the effect of kth harvest method; TPl is the effect of l
th
level of turn payload; FDm is the effect of µth category of
forwarding distance; εijklmn is an error component that rep-
resents all uncontrolled variability.  Regression techniques
were employed to produce prediction equations for el-
emental times and hourly production.
RESULTS
Felling Operations
The average DBH of felled trees varied from 16 cm in 30-
year-old stands to 30 cm in 70-year-old stands and total
height ranged from 16 to 23 m as the stand age increased
from 30 to 70 years (Table 4).   Volume per felled tree by the
large harvester was between 0.08 m3 and 0.48 m3.  Since
the small harvester could only handle trees of 36 cm DBH
or less, the volume per felled tree increased from 0.08 m3 in
30-year-old stands to 0.32 m3 in 50-year-old stands.  Trees
felled per cycle were between 4 and 9.  The minimum proc-
ess diameter/topping diameter used was 20.3 cm.  The
ground travel distance for each harvester per cycle in-
creased as the stand stem density decreased.  It was about
6.0 m for the small harvester  and varied from 7.1 to 7.9 m
for the large harvester.
was replicated two times for a total of 54 felling experi-
ments.  Another 54 forwarding simulations were conducted
based on felling results.
One of the advantages of the factorial design is that it
permits the study of two-way interactions as well as three-
way interactions in addition to examining the main effect
of each individual factor.  Analysis of variance (ANOVA)
was used to analyze if there was significant difference of
elemental time, and production/cost between the two CTL
systems and among other operational factors for the range
of 20 to 36 cm DBH only (30, 40, 50 year old stands only).
The general linear model (GLM) used for harvester analy-
sis is expressed as:
(14)
i = set of stands {1,2,3}
j = set of harvesting methods {1,2,3}
k = set of  harvesters {1,2}
l = set of tree sizes {1,2,3,4,5}
m= set of distances traveled per cycle {1,2,3,4,5}
n = 1, 2,…, p
Where HVTijklmn represents the n
th response variable of
the elemental times, hourly production, and unit cost; µ is
the overall mean of the response variable; Si is the effect
of the ith stand factor; Hj is the effect of the j
th harvester;
Mk is the effect of the k
th harvesting method; Vl is the
effect of lth tree size class; Dm is the effect of m
th ground
travel distance per cycle; and εijklmn is an error component
that represents all uncontrolled variability.  Interactions
among stand, harvest, machine were also considered in
the model.
ijklmnkiji
mlkjiijklmn
HMSDHVSD
FDTPHMHVSDFWT
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++
++++++=
**
Table 3.  Variables included in the simulation experiment.
Factor Levelsa No. of experiments
Stand Stand 1 (SD30) – 30 years old 3
Stand 2 (SD40) – 40 years old
Stand 3 (SD50) – 50 years old
System System 1 - John Deere 988 (Small Harvester) and Valmet 524 2
System 2 – Timbco T425 (Large Harvester) and Valmet 524
Harvest Clearcut  (CC) – base method for comparisons 3
Diameter-limit cut (DL) – removal of trees with 20 cm DBH or larger
Shelterwood cut  (SW) – removal of 80% basal area
aAbbreviations defined in parentheses are used in later tables and texts.
HVTijklmn = µ + Si + Hj + Mk + V1 + Dm +
          Si ∗ Hj + Si ∗ Mk + Hj ∗ Mk + V1 ∗ Dm + εijklmn
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Moving time per cycle is affected by the harvester, stand
stem density, harvest method, and corresponding ground
travel distance.  It was about 0.2 minutes per cycle (Table
4).  The moving time was significantly different between
harvesters (F=972.26; df=1,53; P=0.0001), among harvest
methods (F=1991.80; df=2,53; P=0.0001), and among
ground travel distance categories (F=38.94; df=1,53;
P=0.0001) (Table 5).  However, it was not significantly dif-
ferent among stands (F=1.56; df=2,53; P=0.2199).  All the
interactions among stand, machine, and harvest signifi-
cantly affected the moving time of the harvester.
Cut time per tree was about 0.1 minutes (Table 4).  It
differed significantly between harvesters (F=56.33; df=1,53;
P=0.0001), among stands (F=570.65; df=2,53; P=0.0001),
harvests methods (F=180.26; df=2,53; P=0.0001), and av-
erage tree sizes (F=48.62; df=2,53; P=0.0001) (Table 5).  The
cut time per tree in minutes was regressed as a function of
DBH and total height (Table 6).
Process and bunch time per tree varied from 0.5 to 1.1
minutes depending on the size of tree being felled (Table
4).  The process and bunch time was significantly differ-
ent between harvesters (F=15.51; df=1,53; P=0.0002) and
among stands (F=242.26; df=2,53; P=0.0001), harvest meth-
ods (F=569.64; df=2,53; P=0.0001), and average tree sizes
(F=40.77; df=2,53; P=0.0001) (Table 5).  The interactions
among harvester, stand, harvest method, and tree size all
Table 4.  Harvest condition, elemental times, and productivity averages for operational variables by harvester and stand.
Harvester             Small Harvester Large Harvester
Stand SD30 SD40 SD50 SD30 SD40 SD50 SD60 SD70
Harvest condition
  DBH of felled trees (cm) 16.0 19.8 23.1 16.3 20.1 25.4 29.7 30.0
  Total height (m) 16.7 18.5 18.6 16.7 18.6 19.4 21.1 22.2
  Volume per tree (m3) 0.08 0.18 0.32 0.08 0.19 0.42 0.47 0.48
  Trees per cycle 6 5 4 9 7 6 5 4
  Distance traveleda (m) 6.0 6.0 6.2 7.1 7.2 7.4 7.6 7.9
Elemental times (min.)
  Moveb 0.2 0.2 0.2 0.3 0.2 0.2 0.2 0.3
  Cutc 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
  Process and bunchc 0.6 0.7 1.0 0.5 0.6 1.1 1.1 1.1
  Total fell time per tree 1.5 1.6 1.8 1.2 1.3 1.7 1.6 1.7
  Cycle time 8.3 7.0 6.4 9.7 8.7 7.6 7.0 6.5
Productivity
  Volume per PMH (m3/PMH) 3.1 7.0 10.4 4.1 8.8 14.2 17.1 17.1
aGround travel distance of harvester per cycle.
bMoving time of harvester per cycle.
cCutting, processing and bunching time per tree.
significantly affected the process and bunch time per tree.
Process and bunch time per tree was modeled as a func-
tion of DBH and total height using regression techniques
(Table 6).
Total felling time per tree includes moving time, cut,
process and bunch time for each felled tree, in which mov-
ing time per tree was obtained by averaging the moving
time per cycle.  Total felling time per tree ranged from 1.2 to
1.8 minutes (Table 4).  There was significant difference in
total felling time per tree between harvesters (F=26.31;
df=1,53; P=0.0001) and among stands (F=386.81; df=2,53;
P=0.0001), harvest methods (F=5145.95; df=2,53; P=0.0001),
average tree sizes (F=25.88; df=2,53; P=0.0001), and ground
travel distances per cycle (F=43.84; df=1,53; P=0.0001)
(Table 5).  Total felling time per tree was estimated by DBH
and total height (Table 6).
Cycle time decreased as the stand stem density de-
creased from a 30 year old stand to a 50 year old stand or
to a 70 year old stand (Table 4).  This result is largely due
to the fact that less and larger trees are processed in any
one cycle as the stand age increases compared to the
younger denser stand with smaller trees.  The cycle time
ranged between 6 and 10 minutes.  All the factors in equa-
tion (14) significantly affected the cycle time at the 95%
confidence level (Table 5).
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The average hourly production for the small harvester
was between 3.1 and 10.4 m3 per productive machine hour
(PMH) while the productivity of the large harvester ranged
from 4.1 to 17.1 m3/PMH as the sizes of felled trees in-
creased (Table 4).  Felling productivity was significantly
different between harvesters (F=80.36; df=1,53; P=0.0001)
and among stands (F=2342.09; df=2,53, P=0.0001), har-
vests methods (F=704.95; df=2,53; P=0.0001), average tree
sizes (F=51.36; df=2,53; P=0.0001), and ground travel dis-
tances (F=559.10; df=2,53; P=0.0350) (Table 5).  The hourly
felling production was modeled as a function of DBH,
total height, and ground travel distance (Table 6).
Forwarding Operations
Average payload of the forwarder ranged from 11.9 to
14.6 m3 while the average forwarding distance varied from
305.3 to 325.1 m (Table 7).  Volume per hectare extracted
was between 62.8 and 284.0 m3 for the stands simulated.
Travel empty time averaged about 4.5 minutes (Table 7).
It was significantly different between the sites harvested
by these two harvesters (F=8.57; df=1,89; P=0.0047) and
among stands, harvest methods, and average forwarding
distances (Table 8).  Travel empty time could be expressed
as a function of average forwarding distance (Table 9).
Loading time decreased as the number of logs in a pile
increased and was between 8.7 and 21.4 minutes (Table 7).
There was no significant difference in loading time be-
tween harvesters (F=0.32; df=1,89; P=0.5757) (Table 8).
However, stand stem density, harvest method, and pay-
Table 5.  Elemental time averages and statistical significant levels for harvester felling by harvester, stand, harvest
method, tree size and travel distance.a
Elemental times Felling
Move to treeb Cutc Process and Total fell time Cycle time productivity
bunchc per tree (m3/PMH)
Harvester
Small Harvester 0.20A 0.06A 0.75A 1.62A 7.23A 6.33A
Large Harvester 0.24B 0.07B 0.74B 1.39B 8.63B 9.03B
Stand
SD30 0.22A 0.05A 0.53A 1.35A 9.00A 3.60A
SD40 0.22A 0.06B 0.68B 1.41B 7.80B 7.91B
SD50 0.23A 0.09C 1.03C 1.77C 6.99C 12.28C
Harvest Method
Clearcut 0.17A 0.06A 0.77A 0.92A 8.48A 9.40A
Diameter-limit 0.31B 0.10B 0.86B 2.38B 6.29B 8.85B
Shelterwood 0.19C 0.05C 0.61C 1.22C 9.03C 5.54C
Average tree size (m3)
0.15 - 0.05A 0.59A 0.96A 9.34A 5.29A
0.30 - 0.07B 0.71B 1.69B 6.84B 7.80B
0.45 - 0.09C 0.84C 1.86C 7.36C 11.68C
0.60 - 0.13D 1.32D 2.73D 5.85D 13.18D
Ground travel distance per cycle (m)
6 0.16A - - 1.14A 8.21A 6.61A
8 0.23B - - 1.53B 8.07A 7.97B
10 0.34C - - 2.17C 7.13B 10.43C
aMeans with the same capital letter in a column of the same group are not significantly different at the 5 percent level with
Duncan’s Multiple-Range Test.
bMoving time of harvester per cycle.
cCutting, processing and bunching time per tree.
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Table 6.  Regression models for estimating component times and productivity for the harvesters.
Modelsa R2 RMSE F-value P-value
Small Harvester
Cut time per tree (min.) 0.1164 + 0.0058*DBH – 0.0133*HT + 0.00023*HT2 0.99 0.0024 1473.6 0.0001
Process and bunch time
per tree (min.) 1.6853 + 0.0688*DBH – 0.1278*HT 0.66 0.016 17.71 0.0001
Total felling time per
tree (min.) 0.4441 + 0.0026*DBH*HT 0.57 0.174 56.17 0.0001
Productivity (m3/PMH) -12.91 + 2.33*DBH – 0.069*DBH*HT 0.65 64.45 39.73 0.0001
Large Harvester
Cut time per tree (min.) 0.0473 + 0.0073*DBH – 0.0068*HT 0.97 0.0059 836.07 0.0001
Process and bunch time
per tree (min.) 0.9685 – 0.0053*HT2 + 0.004*DBH*HT 0.88 0.012 155.34 0.0001
Total felling time per
treeb (min.) 0.4032 + 0.0022*DBH*HT 0.77 0.073 151.14 0.0001
Productivity (m3/PMH) 229.7 + 3.13*DBH – 0.07*DBH*HT – 61.11*DC
+ 3.53*DC2 0.86 73.87 63.17 0.0001
a DBH = diameter at breast height (cm); HT = total height (m); DC = ground travel distance of harvester per cycle (m);
RMSE = root of mean square error.
b It is delay free time.
load did significantly affect the loading time.  Move time
during loading varied from 1.0 to 6.2 minutes with the
stand stem density or harvest method (Table 7).  Similarly,
the harvester (F=0.26; df=1,89; P=0.6091) did not signifi-
cantly affect the moving time of forwarder during loading
(Table 8).  However, it was significantly different among
stands, harvest methods, and payload sizes (Table 8).
Travel loaded time averaged about 4.7 minutes (Table
7).  It was significantly different among harvests (F=59.64;
df=1,89; P=0.0001), average forwarding distances (F=37.74;
df=1,89; P=0.0001), and payload sizes (F=12.78; df=3,89;
P=0.0001) (Table 8).  The interactions among stands, ma-
chines, and harvests also significantly affected the travel
loaded time.  However, there was no significant difference
in travel loaded time between harvesters (F=0.65; df=1,89;
P=0.4213) and among stands (F=0.90; df=4,89; P=0.4719)
(Table 8).  Travel loaded time was regressed as a function
of payload and average forwarding distance (Table 9).
Unloading time averaged about 5 minutes (Table 7).  It
was solely affected by the payload and was significantly
different among payload sizes (F=66.24; df=3,89; P=0.0001)
(Table 8).
Forwarding cycle time ranged between 23 and 41 min-
utes (Table 7).  All the factors in equation (15) signifi-
cantly affected the cycle time (Table 8).  The cycle time
could be estimated by payload and average forwarding
distance (Table 9).
The traffic intensities of the forwarder within each
smaller grid, e.g., 5 by 5 meters were recorded and exam-
ined while the forwarding simulation was being performed.
Four travel intensity categories for the forwarder were
defined [2]:
TI1 - Trees on the plot have been felled.
TI2  - Trees that stood on the plot have been removed
and no other traffic has passed through the plot.
TI3 - Trees that stood on the plot have been removed
and trees outside the plot have been skidded
through the plot.  There have been 3 to 10 passes
with a loaded machine.
TI4 - There have been more than 10 passes with a loaded
machine through the plot.
TI3 and TI4 are the main concern since they cause the
most soil compaction.  Percentages of TI3 and TI4 in-
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Table 7.  Averages of forwarding conditions, elemental times, traffic intensity, and production for forwarding by stand.
Variable SD30 SD40 SD50 SD60 SD70
Forwarding condition
  Average forwarding distance   (m) 305.3 310.5 314.4 318.2 325.1
  Average payload (m3) 11.9 12.3 12.8 13.4 14.6
  Volume extracted (m3/ha) 62.8 113.7 209.8 272.9 284.0
Elemental times (min.)
  Travel empty 4.4 4.5 4.4 4.4 4.5
  Load 24.4 18.8 18.1 17.8 16.7
  Move during loading 6.2 4.2 3.5 3.0 2.0
  Travel loaded 4.7 4.7 4.7 4.7 4.6
  Unload 4.7 4.8 5.1 5.3 5.9
  Cycle time 43.2 36.1 34.6 34.3 33.6
Traffic intensity (%)
  TI1 78 77 76 76 75
  TI2 12 7 4 4 3
  TI3 9 14 13 11 12
  TI4 1 2 7 9 10
Production (m3/PMH)
  Cubic meters per PMH 14.5 17.2 19.3 20.2 21.0
creased as the volume per hectare extracted increased and
were from 9 to 12% for TI3 and from 1 to 10% for TI4 (Table
7). This result is because as the volume per acre increases,
more large trees are cut and thus the forwarder has to
make more trips to extract the wood.   TI3 and TI4 can be
added to illustrate the total area that was impacted with
three or more passes by a loaded machine.  TI3 and TI4
were significantly different between sites harvested by
the small and large harvesters (F=98.39; df=1,89; P=0.0001),
among stands (F=848.33; df=4,89; P=0.0001), among har-
vests (F=99.65; df=1,89; P=0.0001), and among payload
sizes (F=5.40; df=3,89; P=0.0022) (Table 8).  The average
forwarding distance (F=0.00; df=1,89; P=0.9964) did not
significantly affect the TI3 and TI4.
Hourly forwarding production ranged from 20.0 to 29.0
m3/PMH (Table 7).  The factors in equation (15) all signifi-
cantly affected the hourly production (Table 8).  The for-
warding productivity was modeled as a function of turn
payload and average forwarding distance (Table 9).
Cost and Harvesting System Analysis
Hourly costs for the harvesters and the forwarder were
estimated using the machine rate method [20].  Labor was
$10 per hour plus additional 35% labor-related fringe ben-
efits.  Interest, insurance, and tax were assumed as 15%.
Salvage value of the machine was 20% of its purchase
price.  Fuel and lubricants were $0.44 and $2.67/liter.  Other
cost assumptions varied by machine (Table 10).  Non-pro-
ductive time was accounted for each system by express-
ing the simulated productivity and cost in terms of a pro-
ductive machine hour (PMH).
The hourly costs of the small and large harvesters were
$115.00 and $146.70, respectively.  When combined with
their average hourly  productivity rates of 7.6 m3/PMH
and 11.9 m3/PMH, the unit costs would be $15.13/m3 and
$12.33/m3 for the small and large harvesters respectively.
Felling unit costs of the harvesters generally decreased
with an increase in DBH (Figure 3).  The simulation results
suggest that when the tree’s DBH is less than 26 cm, har-
vesting using the Timbco T425 is about 30% more expen-
sive than using the John Deere 988.  However, if the tree is
larger than 26 cm of DBH, the unit cost of the Timbco T425
was about 8% less than that of the John Deere 988.
The hourly cost of the forwarder was estimated as
$110.00.  A unit cost of $5.9/m3 was obtained by combining
an hourly production of 18.64 m3/PMH.  The unit cost of
forwarding decreased from $8.76/m3 to $3.91/m3 as the turn
payload size increased from 10 m3 to 18 m3 (Figure 4) while
it increased from $5.81/m3 to $8.20/m3 as the average for-
warding distance increased from 260 to 460 meters (Figure
5).
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Table 9.  Regression models for estimating component times and productivity for the forwarder.
Modelsa R2 RMSE F-value P-value
Travel empty  (min.) 0.6363 + 0.012*FD 0.82 0.039 389.23 0.0001
Travel loaded (min.) 4.8919 + 0.0127*FD – 0.55*TP +
0.00015*TP2 0.95 0.105 502.99 0.0001
Cycle timeb (min.) 27.5079 + 0.03784*FD –
0.00006572*FD*TP 0.44 6.24 22.80 0.0001
Productivity (m3/PMH) 8.996 + 0.00586*TP*FD –
0.000143*FD2 0.62 77.31 72.12 0.0001
aFD = forwarding distance (m); TP = turn payload (m3); RMSE = root of mean square error.
bIt is delay-free cycle time.
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Figure 3.  Cost per cubic meter for the small and large harvesters by average tree DBH.
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Table 10.  Cost assumptions for the machines used in the simulation studya.
Cost item Timbco 425 with John Deere 988 with Valmet 524 forwarder
Ultimate 5600 RP 1600 sawhead
sawhead
Purchase price ($) 252,000 200,000 210,000
Economic life (yr) 4 4 5
Scheduled machine hours (hr/yr) 2000 2000 2000
Fuel (liter/PMH) 17.03 13.25 11.36
Lube (liter/PMH) 7.57 5.68 3.79
M/R (%D)b 100 100 100
Mechanical availability (%) 65 65 70
Hourly machine rate ($/hr) 146.70 115.00 110.00
aRepresents all new equipment.
bMaintenance and repair is assumed at 100% of depreciation.
Figure 4. Cost per cubic meter by turn payload for the forwarder.
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Figure 5. Cost per cubic meter for the forwarder by average forwarding distance.
The two harvesting systems were balanced to examine
their production per week and cost per unit on-board truck.
Two small harvesters and one forwarder were used in the
balanced system 1 while one large harvester and a for-
warder were used in the balanced system 2.  CTL harvest-
ing system 1 could produce 391.0 m3 per week with a unit
cost of $23.34/m3 and the weekly production of CTL sys-
tem 2 was 299.3 m3 at the unit cost of $21.58/m3.
DISCUSSION
Simulation results suggest that cut time, process and
bunch time, and total felling time per tree for the harvester
were primarily affected by DBH and total height of the tree
harvested.  Ground travel distance per cycle was not sen-
sitive to these elemental times because several trees were
usually felled and processed by the harvester in each cy-
cle.  Felling productivity of the large harvester was also
affected by the ground travel distance per cycle in addi-
tion to DBH and total height of harvested tree.  This was
because the large harvester generally traveled 25% longer
than the small harvester per cycle.  The larger harvester
was more expensive than the smaller harvester when har-
vesting smaller trees.  However, when tree size was be-
tween 28 and 36 cm, the smaller harvester was more expen-
sive and its unit cost was about 8% higher than the $5.57/
m3 of the larger harvester.
Travel empty time of the forwarder was solely affected
by the average forwarding distance.  However, travel
loaded time, cycle time, and forwarding productivity were
sensitive to both average forwarding distance and pay-
load size.  TI 3 and TI4 increased from 10% in a 30-year-old
stand to 22% in a 70-year-old stand.  The result was due to
the increase in volume per hectare extracted from 30-year-
old stands compared to 70-year-old stands.  The forward-
ing unit costs varied decreasingly with increasing turn
payload and increasingly with the increasing average for-
warding distance.
When the system was balanced, CTL system 1 with two
small harvesters was about 31% more productive but 8%
more expensive than the CTL system 2 with a large har-
vester.  CTL system 1, however, is about 50% more pro-
ductive and 4% less expensive than the CTL system 2 for
harvesting stands with trees smaller than 26 cm DBH.
The resulting regression equations developed from
these simulations can be used to estimate productivity
and cost for the range of stand conditions examined by
component.  Loggers considering the use of these types
of machines in hardwoods can use our estimators to gauge
what the productivity and cost would be for a range of
operating conditions.
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Although we only evaluated two harvesters, five stands,
and three harvest methods, the results and regression
equations presented should be valuable to planners, man-
agers, and loggers considering the use of CTL systems in
Appalachian hardwoods.
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